| INTRODUC TI ON
Plants have evolved multiple mechanisms to perceive and respond to environmental stimuli, including biotic and abiotic stresses. Most research on plant responses to environmental stress has been conducted on plants subjected to an individual type of stress. In natural habitats, however, plants are simultaneously exposed to combinations of stress factors, and cross-talk between responses induced by a particular type of stress may result in positive or negative impact over other stress. Stress resulting from insufficient or excessive supply of nutrients can have an impact on disease resistance. Nutrient stress-and pathogen-induced signalling pathways might interact with one another in a synergistic or antagonistic way and this interaction determines resistance or susceptibility to pathogen infection. Along with this, different results are found in the literature on the effect of addition of nutrients on disease severity, in which both increased and decreased disease severity have been reported. For instance, whereas nitrogen fertilization increases blast incidence in rice, it reduces disease severity caused by Verticillium spp. in Solanum species (Ballini et al., 2013; Veresoglou et al., 2013) .
A nutrient of great importance for plant growth is phosphorus, which is absorbed through the roots almost exclusively in the form of inorganic phosphate (Pi). Though the overall content of phosphorus in soil is generally high, the low bioavailability of phosphate represents a limiting factor for plant growth in many natural and agricultural ecosystems (Hinsinger et al., 2011) . As a consequence, Pi fertilizers are commonly used in modern farming to maximize crop yields, leading to a scenario of Pi excess in agricultural ecosystems. Excessive use of fertilizers and pesticides not only has a negative economic impact, but also causes a number of environmental problems due to soil pollution and water eutrophication, and raises serious concerns about food safety and animal health. However, the effect of Pi excess on disease resistance in crop species is poorly explored.
During pathogen infection, massive transcriptional reprogramming of gene expression occurs for the activation of plant defence responses (Jones and Dangl, 2006; Boller and He, 2009; Cook et al., 2015) . This process is initiated by the recognition of pathogen-associated molecular patterns (PAMPs) by host immune receptors at the plasma membrane, which triggers the induction of defence responses via multiple signalling cascades, so-called PAMP-triggered immunity (PTI) (Bigeard et al, 2015; Couto and Zipfel, 2016) . Among others, PTI components include the production of reactive oxygen species (ROS), reinforcement of the cell wall, activation of protein phosphorylation processes, production of antimicrobial compounds, and accumulation of pathogenesisrelated (PR) proteins. Certain microbial pathogens are able to deliver effector proteins into the host cell that suppress PTI responses, resulting in plant susceptibility. In turn, many plants have evolved another layer of immunity through recognition of microbial effectors (or host proteins modified by effectors) by proteins encoded by resistance (R) genes. This recognition triggers a rapid and effective host defence response, so-called effector-triggered immunity (ETI) (Jones and Dangl, 2006) . Whether nutrient stress can modulate host defence responses remains elusive, most probably because nutrient stress and disease resistance have been traditionally investigated separately from each other.
MicroRNAs (miRNAs) are small noncoding RNAs that mediate post-transcriptional gene silencing through degradation or translational repression of target transcripts (Llave et al., 2002; Brodersen et al., 2008) . They are essential regulators of gene expression in plant developmental processes and adaptation to biotic and abiotic stress (Navarro et al., 2006; Chen, 2009; Li et al., 2010; Shivaprasad et al., 2012; Campo et al., 2013; Jeong and Green, 2013; Baldrich et al., 2015; Baldrich and San Segundo, 2016; Song et al., 2019) .
Evidence also supports a regulation of nutrient homeostasis by certain miRNAs in plants (Liang et al., 2015; Paul et al., 2015; Chien et al., 2017) . The best-known examples of miRNAs involved in nutrient homeostasis are miR399 and miR827 (phosphate homeostasis), miR395 (sulphur homeostasis), and miR826 and miR5090 (nitrogen homeostasis).
The implication of miR399 in the phosphate starvation response (PSR) of Arabidopsis plants is well documented Hsieh et al., 2009; Puga et al., 2017; Ham et al., 2018) . In brief, Pi deprivation rapidly increases miR399 accumulation, which causes degradation of PHOSPHATE2 (PHO2) transcripts encoding a ubiquitinconjugating E2 enzyme responsible for the ubiquitination and proteasome degradation of Pi transporters Chiou et al., 2006; Liu et al., 2012) . In this way, accumulation of miR399 in response to Pi starvation, and down-regulation of PHO2, relieves negative post-transcriptional control of Pi transporters for an increase in Pi uptake and translocation in Arabidopsis plants. While numerous studies have focused on the molecular mechanisms involved in the plant response to Pi starvation, mostly in the model dicotyledonous plant Arabidopsis, little attention has been paid to understand how crop species cope with Pi excess.
Rice is the most widely consumed staple food for a large part of the world's human population. However, rice production is severely threatened by the blast disease caused by the fungal pathogen Magnaporthe oryzae (Wilson and Talbot, 2009 ). In rice, the Pi starvation signal transduction pathway appears to be similar to that of Arabidopsis. OsPHO2 (originally named leaf tip necrosis 1, LTN1) is the AtPHO2 ortholog in rice (Hu et al., 2011) . Despite the agronomic importance of rice, little information is available regarding the effect of Pi stress, either deficiency or excess, on blast disease resistance.
The aim of this study was twofold. First, to investigate whether Pi supply has an effect on blast disease resistance in rice. Second, to assess whether cross-talk between miR399-mediated signalling pathways and immune signalling pathways exists in rice. We show that growing rice plants under high Pi supply, as well as miR399 overexpression, increases Pi level in rice leaves and enhances susceptibility to M. oryzae infection. Transcriptome analysis revealed that miR399 overexpression affects the expression of genes involved in protein phosphorylation and transcription factor genes, as well as several defence-related genes. On pathogen challenge, a weaker induction of defence gene expression is observed in miR399 overexpressing plants, as well as in wild-type plants that have been grown under high Pi fertilization, which correlates well with their enhanced disease susceptibility phenotype. These data further support a link between Pi signalling and immune signalling in rice plants. Therefore, Pi excess caused by the indiscriminate use of Pi fertilizers in rice fields might have unintended consequences in rice production by facilitating blast infection.
| RE SULTS

| High Pi fertilization enhances susceptibility of rice plants to the blast fungus M. oryzae
To assess whether Pi supply has an effect on disease resistance in rice, we grew rice (Oryza sativa japonica 'Tainung 67') plants for Figure S3 ).
| MIR399 overexpression increases susceptibility to M. oryzae infection
The rice miR399 family consists of 11 members (miR399a to miR399k; miRBase v22.1). Of them, miR399f has identical mature sequences in rice and Arabidopsis. Overexpression of miR399f results in over-accumulation of Pi in leaves of Arabidopsis plants . To further investigate the mechanisms by which over-accumulation of Pi in rice plants enhances blast susceptibility we generated transgenic rice (Tainung 67) lines overexpressing miR399f (hereinafter referred to as miR399 OE plants;
Methods S1) which were then challenged with the rice blast fungus.
The accumulation of miR399 precursor transcripts, and concomitant down-regulation of OsPHO2, was confirmed through successive generations of the miR399 OE lines supporting that the MIR399f transgene was functional and stably inherited ( Figure S4a ). At the adult stage, miR399 OE plants exhibited leaf tip necrosis in older leaves, a typical trait of plants accumulating a high Pi level ( Figure S4b ).
Five independent miR399 OE lines harbouring a single copy of the transgene inserted in their genome (Table S1) These findings indicate that miR399 accumulation caused by miR399 overexpression has a negative effect on blast resistance in rice.
The OsPR1a and OsPBZ1 genes are recognized as molecular marker genes for the induction of the rice defence response to M. oryzae infection (Midoh and Iwata, 1996; Agrawal et al., 2001) . Figure 1a ).
Collectively, the results obtained on blast disease assays in wild-type plants grown under high Pi supply, together with those obtained in miR399 OE plants, support the fact that Pi accumulation negatively affects defence gene expression, hence blast resistance, in rice.
| Transcript profiling of miR399 OE rice plants
To better understand the molecular mechanisms underlying blast susceptibility in miR399 OE rice plants, we performed transcriptome analysis of miR399 OE lines and wild-type plants. Differentially expressed genes (DEGs) were identified based on significance level (p ≤ .05) and fold change (log 2 fold change ≥0.5 or ≤0.5 as the threshold for up-regulated and down-regulated genes, respectively). Using these criteria, a total of 965 genes were found to be differentially expressed in miR399 OE plants relative to wild-type plants, of which 690 genes were up-regulated and 275 genes were down-regulated (Table S2) .
Gene ontology (GO) enrichment analysis of DEGs in miR399
OE plants was carried out by AgriGO (http://bioin fo.cau.edu.cn/ agriG O; Du et al., 2010) and visualized by REVIGO (Supek et al., 2011) . This analysis revealed statistically enriched terms in biological processes, cellular components, and molecular functions that were likely to be regulated by miR399 in rice. In the set of upregulated genes, the most abundant terms in the biological function category were "metabolism" (e.g., "phosphorus metabolism"), "response to stimulus" (e.g., "response to biotic stimulus"), and "post-translational protein modification" (Figures 5a and S5 ). The GO terms over-represented in down-regulated genes clustered in the categories of "metabolism" (primary metabolism, phosphorus metabolism, protein metabolism), "response to stimulus", "phosphorylation", and "post-translational protein modification"
(Figures 5b and S6). The "cellular component" category from upregulated genes contained the terms "integral to membrane" and "nucleus", whereas down-regulated genes were enriched with the GO term "nucleus" ( Figure S7 ).
AgriGO analysis also revealed that the most abundant subcategories in the molecular function category included "protein kinase activity" and "ATP binding", in both up-regulated and downregulated genes ( Figures S8 and S9 ), whereas genes with "transcription factor activity" were highly represented among the up-regulated genes in miR399 OE plants ( Figure S8 ). The "zinc ion binding" and "calcium ion binding" subcategories were specifically enriched in up-regulated genes ( Figure S8 ), while "iron binding" genes were enriched in down-regulated genes ( Figure S9 ). A heat map analysis of genes specifically annotated in the subcategories "protein phosphorylation and ATP binding" and "regulation of transcription" is presented in Figure S10 Table S5 ). These findings are further discussed below.
The expression of genes identified by RNA-Seq analysis of miR399 OE plants was further investigated by quantitative reverse transcription PCR (RT-qPCR). Genes that were classified into different functional categories were selected for this study, including genes involved in defence responses, diterpenoid phytoalexin biosynthesis, receptor protein kinase genes, protein kinase genes, and transcription factor (TF) genes ( Figure 6 ). In agreement with results obtained by RNA-Seq analysis, the expression of these genes was up-regulated in miR399 OE plants compared to wild-type plants.
| miR399 overexpression influences the expression of genes involved in protein phosphorylation and transcriptional regulation
The expression of a vast array of genes involved in protein phosphorylation was misregulated in miR399 OE plants (up-egulation and downregulation) ( Figure S10 and Table S3 ). Among the up-regulated genes, we identified genes representing different families of receptor protein kinases and receptor-like protein kinases, including wall-associated kinases (WAKs; OsWAK36, OsWAK87, OsWAK41, OsWAK98), Ser/ Thr receptor protein kinases (e.g., the PR5K receptor kinase) lectin-like receptor protein kinases, and leucine-rich repeat receptor protein kinases (Table S3 ). WAKs are known to play a key role in basal defence against the rice blast fungus (Delteil et al., 2016) . Regarding the Ser/Thr protein kinase receptor PR5K, it contains an extracellular domain structurally related to pathogenesis-related PR5 proteins involved in disease resistance (Wang et al., 1996) . The receptor kinase LecRK-I.9 has been reported to regulate jasmonic acid (JA) signalling and disease resistance in Arabidopsis (Balagué et al., 2017) . The observed up-regulation of receptor protein kinases for which a positive role in defence responses has been described is in apparent contradiction to the phenotype of blast susceptibility observed in miR399 OE plants.
In the set of down-regulated genes in miR399 OE plants, there were three phytosulfokine receptor genes (members of the leucine-rich repeat family of receptor kinases) ( Figure S10 , code PSKR-1, PSKR-2, PSKR-3; Table S3 ). Binding of phytosulfokine peptides to phytosulfokine receptors differentially modulates Arabidopsis immune responses (Sauter, 2015) . The expression of genes belonging to different families of protein kinases was also misregulated in miR399 OE plants ( Figure S10 and Table S3 ). They included Ser/Thr protein kinases (code KIN), tyrosine protein kinases (code, PKDCC), and calcium-dependent protein kinase (code CDPK) genes. Our transcriptome analysis also revealed that up to seven adenosine triphosphatase genes were up-regulated in miR399 OE plants. Knowing that miR399 overexpression was associated with an increase in Pi content, the observed alterations in the expression of genes involved in protein phosphorylation and ATP binding might well be the consequence of Pi accumulation in leaves of miR399 OE plants.
Moreover, miR399 overexpression regulates the expression of a considerable number of TFs belonging to several TF families, most of them being up-regulated in miR399 OE plants ( Figure S10 and Table S4 ). They included WRKY, AP2 (APETALA2)-related (e.g., ethyleneresponsive TFs), NAC (NAM, no apical meristem; ATAF1; and CUC2, cup-shaped cotyledon), Myb (myeloblastosis), bZIP (basic leucine zipper), C2H2 (C2H2 zinc finger), and ZF1 (zinc finger) TF genes. It is generally assumed that WRKY TFs are important regulators of stress responses in plants, including rice blast resistance (Wei et al., 2013; Phukan et al., 2016) . It should be noted that up to 22 WRKY TFs are up-regulated in miR399 OE plants, including OsWRKY45 (Figure 6 and F I G U R E 4 Expression of the defence marker genes OsPBZ1 and OsPR1a in mock-or Magnaporthe oryzae-inoculated leaves of low-, sufficient-, or high-Pi wild-type (Tainung 67; WT) plants. Quantitative reverse transcription PCR was carried out at the indicated times after inoculation using the rice Ubiquitin 5 gene as the internal control. Bars represent means of three biological replicates, each one from a pool of three different plants ± SEM (t test, *p ≤ .05, **p < .005, ***p < .0001) Table S4 ). OsWRKY45 has been reported to play a crucial role in resistance to blast infection, and its overexpression enhances resistance to infection (Shimono et al., 2007) . As previously observed for receptor protein kinases involved in defence responses, an up-regulation of OsWRKY45 in miR399 OE plants is in apparent contradiction to the phenotype of disease susceptibility in these plants. WRKY TFs have been also shown to regulate tolerance to Pi starvation in Arabidopsis and rice (Wang et al., 2014; Dai et al., 2016) .
| An increase in Pi content compromises the basal defence of rice plants during pathogen infection
As previously mentioned, RNA-Seq analysis revealed misregulation of certain defence-related genes in miR399 OE plants in the absence of pathogen infection, some of them being up-regulated in these plants (e.g., members of the PR1, PR5, PR8, and PR10 families of PR genes) (Figures 6 and S10; Table S5 ). Genes involved in protection against oxidative stress and/or cell wall lignification were also misregulated in miR399 OE plants (e.g., peroxidase and laccase genes) (Figures 6 and S10; Table S5 ). Peroxidases and laccases contribute to plant cell-wall lignification by catalysing the polymerization of monolignols (Miedes et al., 2014) . Peroxidases also participate in maintenance of the cellular redox balance to protect against oxidative stress (Almagro et al., 2009) .
Unexpectedly, RNA-Seq analysis of miR399 OE plants showed a basal expression level of several genes involved in diterpenoid phytoalexin biosynthesis, these genes being responsible for the production of major rice phytoalexins (momilactones, oryzalexin A, B, C, and D, oryzalexin E, and phytocassenes) (Yamane, 2013) . 
F I G U R E 6
Expression of differentially expressed genes identified by RNA-Seq analysis. Transcript levels were determined by quantitative reverse transcription PCR in leaves of wild-type (WT) and miR399 overexpressing lines (lines L4 and L20, similar results were obtained for L2). Plants were grown under sufficient-Pi conditions. The expression values were normalized to the rice Ubiquitin 1 gene. Gene-specific primers sequences with its gene locus ID and heat maps code (from Figure S10 ) are presented in Table S6 . Bars represents means of three biological replicates, each one from a pool of three different plants, ±SEM. Comparisons have been made relative to the WT (t test, *p ≤ .05, **p ≤ .005)
| D ISCUSS I ON
Here we provide evidence that Pi, when in excess, is an important factor in determining susceptibility to infection by the foliar pathogen M. oryzae in rice. We show that an increase in Pi content caused Pi excess might reduce the plant's ability to overcome pathogen infection in different ways. On the one hand, Pi excess may be responsible for metabolic changes in the host plant that jeopardize the plant defence response. Along with this, our transcriptome analysis showed that miR399 overexpression causes important perturbations in genes involved in metabolic processes, in particular lipid and carbohydrate metabolism. Another possibility, not excluding the previous one, is that fungal pathogenicity itself is affected by Pi availability and that the fungus modifies its pathogenicity programme in order to adapt to a situation of high Pi in the host tissue. An increase in Pi level might create a more favourable environment for pathogen growth that enables the pathogen to improve nutrient acquisition from the host plant, thereby promoting pathogenicity. Alternatively, high Pi content might also stimulate the production of pathogen virulence factors that suppress host defence mechanisms. In the case of nitrogen-induced susceptibility to rice blast, it was reported that alterations in some metabolites (e.g., glutamine) are responsible for increased fungal pathogenicity (Huang et al., 2017) . At present, however, it is not known whether an increase in Pi content in rice leaves has an effect on M. oryzae virulence. On the other hand, studies in Arabidopsis have shown that Pi content influences the structure of the root-associated bacterial (Castrillo et al., 2017; Finkel et al., 2019) and fungal communities (Fabianska et al., 2019) . It was proposed that changes in root fungal communities of Arabidopsis plants correlate with concurrent changes in the plant phosphate starvation response, suggesting that P-deprived and P-replete plants select different fungal taxa in their roots (Fabianska et al., 2019) . Whether Pi content has an effect on potential rice pathogens needs to be further investigated. We also show that, even though the low-Pi plants have activated the phosphate starvation response, low-Pi treatment does not appear to affect blast severity in a substantial manner, at least under the experimental conditions here assayed. There is the possibility that activation of the phosphate starvation response allows the plant to cope with the low-Pi stress condition imposed in this study, and more stressful conditions (e.g., lower Pi supply, longer periods of low Pi treatment) might be needed to observe a differential blast phenotype in low-Pi rice plants.
Another finding of this study is that, under normal growth conditions, the miR399 OE plants show a basal expression of some reprogramming of gene expression in response to Pi starvation is widely described (Misson et al., 2005; Wasaki et al., 2006; Oono et al., 2013; Secco et al., 2013; Gho et al., 2018) , the transcriptional response to Pi excess remains largely unknown. Very recently, a phosphate transporter from rice (OsPT8) has been reported to negatively regulate blast resistance, thus reinforcing the notion of crosstalk between Pi homeostasis and immune signalling pathways in rice (Dong et al., 2019) .
In addition, transgenic expression of a phytoplasma effector (SAP11 AYWB ) in Arabidopsis was found to increase miR399 accumulation, thereby increasing Pi level (Lu et al., 2014) . During infection of SAP11 AYWB Arabidopsis plants with the bacterial pathogen Pseudomonas syringae, the induction of defence responses was suppressed and the SAP11 AYWB plants exhibited susceptibility to bacterial infection (Lu et al., 2014) . In other studies, cross-talk between Pi starvation and salt and drought stress signalling pathways, or hormone-signalling pathways, has been described (Song and Liu, 2015; Abbas Khan et al., 2016; Baek et al., 2017; Castrillo et al., 2017) . Knowing that the defence-related hormones JA and ethylene (ET) function as signalling hormones in the rice defence against M. oryzae (Nasir et al., 2018) , a major future challenge is to determine whether Pi content affects defence hormone signalling in rice for the control of immune responses.
Collectively, these observations suggest that, although a function for miR399 in the two stress signalling systems, Pi signalling and immunity, can be postulated, we have yet to decipher the molecular mechanisms of this cross-talk.
Phosphorus is a key component of many important biological molecules, including ATP, which exists not only in the cytoplasm, but also in the extracellular matrix. Of interest, plants are capable of sensing and responding to extracellular ATP during pathogen infection, a situation in which ATP is perceived as a damage-associated molecular pattern (DAMP) for cellular damage caused during pathogen colonization . In this manner, extracellular ATP can be considered as a signalling molecule for the activation of Arabidopsis defence responses . More recently, extracellular ATP has been shown to play a role in the JA-induced defence response of Arabidopsis through the direct activation of JA signalling (but not via JA biosynthesis) (Tripathi et al., 2018; Jewell et al., 2019) . Evidence for a role of extracellular ATP as signalling molecule for the expression of defence responses in rice is, however, lacking.
Based on the results obtained in our transcriptome analysis of miR399 OE plants, a working model summarizing the impact of miR399 overexpression (and Pi accumulation) in regulating defence responses to pathogen infection in rice is presented in On the contrary, cross-talk between Pi and other nutrients is well documented in plants and miRNAs have been shown to be involved in cross-talk between nutrient deficiencies in Arabidopsis (Liang et al., 2015) . In particular, miR399 has been proposed to participate in the regulation of multiple nutrient starvation responses in rice (Hu et al., 2015) . Under this scenario, stress imposed by high Pi might also hamper the coordination of homeostatic pathways of Pi and other nutrients, and Pi excess caused by miR399 overexpression or high Pi supply might alter other nutrients' accumulation. This nutritional imbalance would trigger an additional stress to the host plant that would impair the optimum defence response to pathogen infection (Figure 8 ). This piece of information will be useful in future studies to understand how plants integrate Pi signalling with immune responses.
The Arabidopsis miR399f has been reported to function as a positive regulator in tolerance to salt stress, while negatively regulating drought stress, through the control of two novel target genes in Arabidopsis, the ABF3 transcription factor and CSP41b (unknown function) genes (Baek et al., 2016) . Although the results presented here indicate that miR399 overexpression is accompanied by down-regulation of OsPHO2 in miR399 OE plants, the possibility that miR399f directs cleavage of still unknown target genes in rice should not be discarded. Collectively, the results presented here support the finding that Pi accumulation in rice leaves negatively affects basal resistance to M. oryzae in rice by reducing the plant's ability to cope with pathogen infection. Here, it is worth emphasizing that fungicides are widely used to protect rice plants against blast disease, which causes serious environmental problems. Indeed, rice blast is considered the most important fungus-caused disease in plants in terms of scientific and economic relevance (Dean et al., 2012) . Pi fertilization should then be considered on a cost-benefit basis in rice farming. The results presented here might lay a foundation for rationally optimizing fertilizer and pesticide use in rice production.
| E XPERIMENTAL PROCEDURE S
| Plant material
Rice plants were grown at 28 ºC with a 14 hr:10 hr light/dark cycle.
Transgenic rice (cultivar Tainung 67) plants were produced by
Agrobacterium-mediated transformation of embryogenic calli derived from mature embryos (Sallaud et al., 2003) . Transgene copy number was assessed by PCR on genomic DNA as previously described (Yang et al., 2005) . Primers are shown in Table S6 . The susceptible rice cultivars Nipponbare, Maratelli, Vialone Nano, and Bomba and the resistant cultivar Saber harbouring the Pib resistance gene were used in this work.
| Infection assays
Infection assays with the rice blast fungus M. oryzae (strain Guy 11) were carried out on soil-grown rice plants at the threeto four-leaf stage. Further experimental details can be found in Methods S1. The percentage of diseased leaf area was determined at 7 dpi with M. oryzae spores by using the APS Assess 2.0 program (Lamari, 2008) . Fungal biomass on infected leaves was quantified by quantitative PCR (qPCR) using specific primers for the M. oryzae 28S DNA gene (Qi and Yang, 2002) .
| Pi treatment and measurement of Pi content
To assess the effect of Pi supply, rice plants were grown for 21 days in a mixture of 50% peat and vermiculite (>50 mg/L phosphorus) and 50% inorganic quartz sand substrate. During the last 15 days, plants were fertilized with modified Hoagland half-strength solution (2.5 mM Pi for high-Pi, 0.25 mM Pi for sufficient-Pi, and no Pi for low-Pi supplies). The Pi content of rice leaves was determined as previously described (Ames, 1966; Versaw and Harrison, 2002) .
| Library preparation and RNA-Seq analysis
Total RNA was extracted using the Maxwell 16 LEV Plant RNA Kit (Promega). Libraries were prepared from leaves of 3-week-old wild-type and miR399 OE plants. Each biological replicate consisted of leaves from 15 plants. Two independent miR399 OE lines and three biological replicates for each genotype were examined (see Methods S1 for details on RNA-Seq analysis). The RNA sequence data were deposited at the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO repository (accession number GSE13 7735).
| Gene expression analyses
Total RNA was extracted from rice leaves using the TRIzol reagent (Invitrogen). For northern blot analysis, total RNAs were fractionated in a 17.5% denaturing polyacrylamide gel containing 8 M urea, transferred to nylon membranes, and hybridized with [γ 32 P]ATP-labelled oligonucleotides (Table S6 ). Hybridization signals were detected using a phosphorimager (Bio-Rad). Synthetic RNA oligonucleotides were used as size markers.
RT-qPCR was performed in optical 96-well plants using SYBR Green. Primers were designed using Primer-BLAST (https ://www.ncbi. nlm.nih.gov/tools/ primer-blast/ ). Accumulation of mature miR399 sequences was determined by stem-loop RT-qPCR. Primers used for RT-qPCR and stem-loop RT-qPCR are listed in Table S6 . Further details on RT-qPCR and stem-loop RT-qPCR can be found in Methods S1.
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